Gold nanoparticles exhibit very unique physiochemical and optical properties, which now are extensively studied in range of medical diagnostic and therapeutic applications. In particular, gold nanoparticles show promise in the advancement of cancer treatments. This review will provide insights into the four different cancer treatments such as photothermal therapy, gold nanoparticle-aided photodynamic therapy, gold nanoparticle-aided radiation therapy, and their use as drug carrier. We also discuss the mechanism of every method and the adverse effects and its limitations.
Introduction
Cancer is one of the main leading causes of death all over the world. Currently the most successful cancer treatment method usually involves intrusive processes including chemotherapy, radiation, and surgery to remove the tumor if possible, followed by more chemotherapy and radiation. Even if the scientists have made tremendous efforts to enhance these traditional methods, selective methods are still required which can harm cancer cells hardly without destroying the healthy tissue. The research field of nanomedicine which has rapidly developed has great promise in fighting against cancer [1] [2] [3] [4] [5] [6] [7] . Nanoparticles such as dendrimers, liposomes, polymers, quantum dots, perfluorocarbons, nanotubes, iron oxide, nanowires, and gold nanoparticles (GNPs) are mostly used for cancer nanotechnology [5] . Especially over the last decade researches have made many efforts to use GNPs for cancer treatment. It is demonstrated that gold nanoparticles have an immense potential to enhance the efficiency of cancer treatment [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
As to the currently available gold nanoparticle-based therapeutic approaches, they can be classified into four main types: (1) photothermal therapy: upon irradiation of surface plasmon resonant gold nanoparticles by light, surface electrons are excited and resonate intensely, and fast conversion of light into heat takes place in about 1 ps [20] . GNPs can be delivered into cancer cells by different methods such as physiological transportation, conjugation with antibodies, and once these GNPs are delivered they self-assemble large clusters inside cells. This results in bubble formation that is more effective for killing cells (or using CW laser to induce hyperthermia that is a condition under which cells are subject to temperature in the range of [41] [42] [43] [44] [45] [46] [47] ∘ C for tens of minutes). Such a condition will cause irreversible damage to the cells due to denaturing of proteins and/or destruction of cell membranes [21] . This application is based on their unique plasmonic properties with well-controlled sizes, shapes, and surface properties. The localized surface plasmon resonance (LSPR) peaks of AuNPs can be easily turned to the near-infrared (NIR) region for better treatment due to the high transparency of the tissues. (2) GNPsaided photodynamic therapy (PDT): PDT has emerged as one of the important therapeutic selections for treatment of cancer and other diseases [22] . Most photosensitizers (PSs) are highly hydrophobic and require delivery systems. It was showed that GNPs can enhance singlet oxygen generation or photodynamic therapy efficiency of different photosensitizers [23] [24] [25] , which may be due to localized surface plasmon resonance (LSPR) of the metal nanoparticles according to most of the scientists [26, 27] . However, our group demonstrated that the cancer cell killing enhancement is mainly due to GNPs' efficient drug delivery [28] . Furthermore, the gold nanoparticles alone can generate singlet oxygen [29] . So combination of GNPs-mediated photothermal therapy (PTT) and photosensitizers-mediated photodynamic therapy (PDT) was reported to achieve synergistic PTT and PDT effects on destroying cancer cells by many groups [7, [30] [31] [32] [33] . (3) The gold nanoparticles can enhance radiosensitivity of cancer cells; this effect is shown in vivo and in vitro, at kilovoltage or megavoltage energies [34] . Furthermore, radiosensitization of GNPs depends on nanoparticles' size, concentration, type, used energy, intracellular localization, and used cell line [35] . (4) Gold nanostructure can be as carrier to deliver drugs into tumor cells. Gold nanoparticles can be developed as versatile nontoxic carriers for drug and gene delivery because they can be conjugated with antibodies, peptides, folate, ligands, and so on to help the higher concentration in the tumor region. Furthermore, the AuNPs loaded with a drug have been delivered to the tumor, which can be triggered by the photothermal effect to control release of drug molecules. With the platform, the monolayer is responsible for tuning of surface properties such as hydrophobicity and charge, while the gold core renders the assembly stability [36] . Functionalization of GNPs with thiolated polymers can provide an effective and selective means of controlled intracellular release, and researchers found that the size of nanoparticles and presence of galactose ligands significantly impact the targeting efficiency [37] . To date, although several excellent reviews have been presented to introduce the synthesis and modification of gold nanoparticles as well as their applications in biosensing and bioimaging and also excellent reviews about cancer treatment of nanoparticles have been presented [38] [39] [40] , however, with respect to therapy of cancer, none of them has focused on a systematic and complete review of the advancement in the field of phototherapy of cancer with gold nanoparticles. Thus, we present this review on the AuNPs-based phototherapy systems in the past 10 years to summarize the comment on their development and advances. Particularly, we restrict our discussions to the therapy strategies rather than synthesis and surface modification, which have been summarized extensively in many reviews. The therapy strategies will be mainly categorized by different mechanisms including thermal therapy, PDT, radiotherapy, and drug delivery. The schematic diagram of different therapies was showed in Figure 1 .
Applications of Gold Nanoparticles for Phototherapy

Gold Nanoparticles for Photothermal Therapy. PTT is a very important application of GNPs in nanomedicine.
Gold nanoparticles have been used to harm bacteria, viruses, and cancer cells based on their heating effects under laser irradiation due to the enhanced absorption induced by localized surface plasmon resonance (LSPR); this is defined as photothermal therapy [41, [52] [53] [54] . Through the control of the geometric and physical parameters of nanostructures such as size and shape, the plasmon resonance peaks of GNPs could be tuned to the near-infrared region [55] and the light absorption efficiency of GNPs in the near-infrared region is high (extinction coefficient is about 10 −9 M −1 cm −1 ) which imparts high depth photothermal therapy in tissues because of the high penetration of infrared light [56, 57] . Many researchers have focused on the photothermal therapy of gold nanoparticles with different size and morphology, such as gold nanorods (GNRs), gold nanostars, gold nanorings, gold nanocages, and hollow gold nanoshells [58] [59] [60] [61] [62] .
Using pulsed or continuous wave (cw) lasers in both the visible and near-infrared wavelength region, photothermal therapy (PTT) with gold nanospheres can be reached owing to the SPR absorption in the visible region and its nonlinear properties [7, 54, [63] [64] [65] [66] [67] . In 2003, Lin et al. used gold nanospheres and nanosecond pulsed laser to implement comprehensive research of selective and highly localized photothermolysis of targeted lymphocytes. In their study, lymphocytes incubated with antibody conjugated gold nanoparticles were irradiated by 100 laser pulses at an energy of 0.5 J/cm 2 , which resulted in extensive cellular damage. Adjacent cells without nanoparticles within a few micrometers, were intact [68] . El-Sayed and coworkers firstly employed antiepidermal growth factor receptor (anti-EGFR) antibody conjugated gold nanospheres to image and treat oral tumor cells in vitro, in which a continuous argon laser at 514 nm, the peak absorbance of 40 nm particles, was used. Compared with normal, noncancerous cells, it was showed that cancerous cells targeted with nanoparticles were destroyed with 2-3 times lower laser power [65] . Their group obtained similar results with gold nanorods (Figure 2 ) [41] . Our group also have conducted similar studies on human lymphoma cell. Our results showed that at relatively low GNPs concentration and short incubation time, there was little cytotoxicity of gold on cell. Upon irradiation of proper power, gold-targeted L-428 cells can be killed with high efficiency, while little damage was done to nontargeted cancer cells [18] . Lapotko et al. used specific monoclonal antibodies to treat tumor cells; Ig conjugated 30 nm gold nanoparticles could form clusters of 10-20 on the surface of cell membrane. And the nanoparticulate clusters inside the cells can be found by electron microscopy ( Figure 3 ). K562 cells were irradiated by single laser pulses with optical fluence of 5 J/cm 2 at the wavelength of 532 nm, and the cells without specific antibodies were hardly damaged, while cells targeted with specific antibodies were totally destroyed [69] . Their results showed once gold nanoparticles are delivered they form selfassembled large clusters directly inside cells, which results in laser-induced bubble formation that is more effective for eliminating cells. Moreover, SPR shift from visible region to near-infrared region could happen [70] . Another group also observed GNPs cluster in the cells [42] .
Although gold nanospheres have been proven to be useful for photothermal therapy of surface type tumors, in which the visible pulsed or CW lasers with wavelength of the peak of surface plasmon resonant absorption were used, for its deeper penetration in tissues, near-infrared light must be used treating internal tumors for in vivo applications. In order to shift the absorbance of gold nanospheres from the visible range into the NIR, EI-Sayed et al. used the nonlinear properties of GNPs. In their study, HSC oral cancer cells were targeted by anti-EGFR antibodies conjugated spherical GNPs, a femtosecond Ti: Sapphire laser at 800 nm (100-femtosecond pulse duration, 1 kHz repetition rate) was used to photothermally destruct the nanoparticle treated cancer cells. Their results showed that the laser power needed to kill the normal cells was approximately 20 times more than that needed to destroy cancer cells. They demonstrated that during experiments there exists a second harmonic generation (SHM) or a two-photon absorption (TPA) process. Moreover, with dependence on the gold nanoparticle concentration the nanoparticles can be aggregated or clustered together in close proximity [66] . Alternatively, Zharov et al. found when the antibody conjugated GNPs were selectively attached to MDA-MB-231 breast-cancer cells by means of secondary antibodies, the GNPs can be self-assembled into cancer cells. The assembly of gold nanoclusters on the cell membrane inducing absorbance peak shift from visible region to the NIR region. As a result, laser-induced bubble formation can be significantly increased and cancer cells were killed by irradiation of near-IR lasers (1064 nm) [70] .
Since the gold nanoclusters depended on the nanoparticles concentration or self-assembly that need certain conditions (e.g., secondary antibodies) [66, 70] and when the distance between the two particles exceeds about 2.5 times the particle diameter, the red shift of the nanocluster could be negligible [71] , and it seemed that it is difficult to control the shift of SPR wavelength of gold clusters from visible region to near-infrared region. However, since only near-infrared light can penetrate inside living tissues, gold nanoshells, gold nanorods, and gold nanocages which have SPR absorption of 650-900 nm are ideal for in vivo imaging or therapy. The preparation of gold nanorods with different aspect ratios (length divided by width), which enables the tune of its plasmonic absorption peak in the NIR region, is simple and well established. And the size of gold nanorods is very small which makes it easier to be internalized by cancer cells [72] [73] [74] . The photothermal effect of gold nanorods on cancer cells were firstly demonstrated by Huang and coworkers in 2006 [41] , during this research, where the antiepidermal growth factor receptor (anti-EGFR) monoclonal antibodies conjugated gold nanorods were synthesized and utilized to inactivate cancer cells. It is found that, after irradiation by continuous red laser at 800 nm, nonmalignant cells require about double the laser energy to be photothermally destroyed compared to the malignant cells. From then on many groups began to use gold nanorods or modified gold nanorods in tumor cells photothermal therapy research [75] [76] [77] [78] .
Recently, there are still many researches concerned on the improvement of gold nanorods photothermal effect on cancer cells. Li and the coworkers employed macrophage vehicles to transport 7 nm diameter Au nanorods (AuNRs) to improve photothermal efficiency in vivo [58] , where they found that photothermal conversion almost throughout the tumor can be improved by BSA-coated AuNRs-laden-macrophages, which minimized tumor recurrence rates compared to free BSA-coated AuNRs. Popp light source in vitro and in vivo. Their study demonstrated that the PTT strategy induces tumor volume shrinking and higher animal survival rate compared to that of melanoma drugs in a murine melanoma model ( Figure 4 ) [43] . Du and coworkers fabricated a core-shell composite that consisted of gold nanorods covered by polypyrrole (PPy) with two-photon photothermal efficiency, and the composite also possessed good photostability due to a facile interfacial polymerization [79] . They found that the Au-PPy nanorods with high photothermal efficiency can cause the inhibition of cancer cell proliferation; thus normal tissues photothermal damage can be minimized. As to the clinical usage of gold nanorods PTT effect, Tetsuya Kodama and coworkers proposed a novel PTT technique. For this clinical application technique to work, the GNRs and infrared laser light had to be used. This novel PPT can treat metastatic lymph nodes located within or outside the area accessible for surgical dissection and without skin damage due to controlled surface cooling [80] . Utile now the usage of gold nanorods in cancer nanotechnology including imaging and therapy is also a very active field of research.
Journal of Nanomaterials Gold nanoshells consisting of a dielectric core covered by a thin gold shell possess SPR peaks in the NIR region [81, 82] . Hirsch et al. firstly conducted the photothermal therapy utilizing gold nanoshells in in vivo and in vitro experiments [52, 83] . In their research, breast carcinoma cells were incubated with nontargeted PEGylated gold nanoshells with tunable absorption in the NIR region; after being exposed to cw 820 nm diode laser (35 W/cm 2 ) the cells undergo irreversible photothermal damage. They used magnetic resonance technology to measure the increased temperature. In the following years, they also used nonspecific PEGylated nanoshells to conduct tumor thermotherapy in vivo by means of injection via tail vein [52, 67, 83] . Magnetic resonance temperature imaging (MRTI) was applied to analyze the temperature increase of the gold nanoshell treated tumor, and the results correlated well with gross pathology. The tumor tissue also displayed coagulation, cell shrinkage, and loss of nuclear staining, indicating thermal damage in NIR-nanoshell-treated tumors. PC3 human prostate cancer xenografts were treated by this similar approach with 110 nm PEGylated gold nanoshells and laser irradiation [84, 85] . Gobin et al. have combined imaging via Optical Coherence Tomography (OCT) with therapy in vivo using nonspecific PEGylated gold nanoshells [86] . In this method nanoshells were accumulated passively in tumors and subsequent ablation depends on nanoshell amount accumulated in the tumor [87] . The influence of nanoshell concentration on tumor ablation has been evaluated by Stern et al. in a human prostate cancer model in mice; they got the same result like Lal in [87, 88] . In 2005, Drezek et al. used immune-targeted nanoshells for integrated cancer imaging and therapy in vitro. In a proof of principle experiment, immune-targeted nanoshells are employed to detect and destroy breast carcinoma cells that overexpress cancer biomarker HER2 [89] . The same group also demonstrated the successful targeting and ablation of trastuzumab-resistant cells using anti-HER2-conjugated silica-gold nanoshells and a near-infrared laser [90] . On the other hand, the passive accumulation of nanoshells relies on the enhanced permeability and retention (EPR) effect [91] . However, the blood flow is normally reduced in the centers of large solid tumors with hypoxia, which results in nanoparticle accumulation resistance as well as conventional chemotherapy in these regions. Then a "Trojan Horse" strategy was built to deliver nanoshells to the centers of solid tumors by Choi's group. They have proven monocytes containing therapeutic gold nanoshells could serve as "Trojan Horses" for nanoparticle transport into these tumor regions [92] , which was called "nanoshell targeting of tumor hypoxia" [87] . Madsen et al. investigated the efficacy of goldsilica nanoshells (AuSNS) and gold nanorods (AuNRs) for photothermal therapy in vitro. They utilized hybrid murine macrophages to deliver nanoparticles into human glioma spheroids; they found that gold-silica nanoshells have a much higher photothermal conversion compared to gold nanorods [93] .
Another kind of gold nanoparticles absorbing NIR light is gold nanocages, which is developed by the Xia group [61, 94, 95] . The SPR absorption can be tuned from the visible region to the NIR region according to the thickness and size of gold shells [96, 97] . The inactivation effect of gold nanocages on cancer cells has been investigated both in vitro and in vivo [95, [98] [99] [100] . The advantages of gold nanocages are the smaller size and higher specific surface area [97] . Wang and coworkers pointed out gold nanocages can efficiently convert NIR light into energy and have stable photothermal property [101] . Moreover, under irradiation of NIR light gold nanocages display higher temperature rise than that of nanospheres at the same concentration. There are still other gold nanostructures with NIR LSPR band that are useful for PTT. Like gold nanorings with the LSPR wavelength range between 1000 and 1300 nm [60] , gold nanostars possess more SPR hot spots [59] , hollow gold nanoshells [62] , and gold-gold sulfide nanoparticles [102] . Chu [44, 104] . Their results demonstrate that the photothermal therapy mediated by gold nanoflowers inhibits the proliferation of cancer cells effectively ( Figure 5 ). Researchers synthesized a gamma Fe 2 O 3 @Au core/shell-type magnetic gold nanoflower that integrates different properties, such as photothermal therapy capabilities, real-time magnetic resonance imaging, high-resolution photo acoustics imaging, and ultrasensitive surface-enhanced Raman scattering imaging. Iodice et al. have demonstrated that the encapsulation of small AuNPs into larger spherical nanostructures could enhance photothermal ablation and could favor tumor accumulation [105] .
Journal of Nanomaterials To treat tumor with photothermal therapies, gold nanoparticles have to be introduced into cancer tissue, which induce significant absorption increases of laser energy and thereby heat the tissue. It was worth noting that the temperature increase is owing to high photothermal energy conversion by a large number of individual GNPs, which is due to surface plasmon resonance (SPR) of gold nanoparticles. And SPR properties of GNPs are mainly affected by their size and shape [39] . Furthermore, the photothermal conversion efficiency of GNPs is a crucial 8 Journal of Nanomaterials parameter, and the conversion efficiency, for the particular case of GNPs, is strongly dependent on both shape and size of the GNPs. Photothermal conversion efficiencies of different sized and shaped particles were studied through temperature change in nanoparticle laden liquid droplets and stirred nanoparticle laden liquid in cuvette. Roper et al. have experimentally and theoretically studied the thermal energy conversion of aqueous suspensions of 20 nm gold particles irradiated by a continuous wave with 514 nm wavelength. The transduction efficiency was measured by modulating the incident continuous wave irradiation, and the values were increased from 3.4% to 9.9% [106] . Richardson et al. implemented similar work with CW laser excitation at 532 nm and 20 nm GNPs, but their study put emphasis on the particles concentration and irradiation intensity [107] . However, even for the same type of GNP different groups got very different photothermal transduction efficiencies in droplets versus cuvettes (Table 1) . Cole et al. reported a comparative study of the photothermal conversion efficiency of SiO 2 /Au nanoshells, Au 2 S/Au nanoshells, and Au nanorods. In the study they compared experimental results and theoretical values for each nanoparticle type. It was showed that particle size is a very crucial factor to determining conversion efficiency, and larger particles are more effective for both scattering and absorption, which can enhance bioimaging contrast and photothermal treatment simultaneously [108] . Chen et al. directly measured and analyzed the temperature of gold nanocrystal solutions with a thermocouple according to energy balance theory in order to study the influence of particle volume, plasmon resonance wavelength, assembly, and shell coating on the photothermal transduction efficiency. They observed when the gold nanocrystals were illuminated by a laser at wavelength that is in accordance with plasmon resonance wavelength of the nanocrystal, the larger the nanocrystal is, the smaller the transduction efficiency becomes. Assembly and coating can change the plasmon resonance energy of gold nanocrystals, which can be used to control the photothermal conversion. They also found that the experimental results are smaller than the theoretical values, and the difference becomes larger with the size increasing [109] . This two-conversion efficiency difference is due to a variety of reasons. However, Qin and Bischof pointed that it is important to distinguish these two efficiencies; the measured conversion efficiency is a bulk property related to environmental factors, radiative transport, and nanoparticle, while theoretical value including extinction cross section and absorption cross section is suitable for single nanoparticle [110] . Also photothermal conversion efficiency can be used to compare heat generation ability among different GNPs except for in vivo applications. The more useful quantity is the specific absorption rate (SAR) distribution that includes the information of GNP's concentration and position of heat generation. Incorporating SAR into the bioheat equation, the temperature increases and thermal injury during photothermal therapy can be predicted and monitored as discussed in Qin and Bischof 's critical review [110] .
Gold Nanoparticle-Aided Photodynamic Therapy.
Since photodynamic therapy (PDT) is characterized by, for example, its low morbidity, good tolerance, minimally invasive procedure, ability to be used repeatedly at the same site, minimum functional disturbance, and the fact that it is normally an outpatient therapy [111, 112] , it is a promising treatment modality for cancers and other malignant diseases. The basis for cancer treatment using PDT is the oxidative nature of reactive oxygen species (ROS) [113] , and photosensitizing NPs are an important tool to modulate ROS generation [114] . Many groups found that the GNPs can enhance SOG or the photodynamic therapy efficiency of different PSs, such as phthalocyanines, toluidine blue O, indocyanine green, AlPcS4, and hematoporphyrin [115] .
Hone et al. firstly demonstrated that phthalocyaninestabilized gold nanoparticles could generate cytotoxic singlet oxygen [23] . In their study, GNPs were functionalized with a photosensitizer phthalocyanine (Pc); also the GNPs were combined with the TOAB phase transfer reagent that was used during synthesis. Compared with the free photosensitizer, the composites (photosensitizer/gold/phase transfer reagent) were demonstrated to achieve a higher singlet oxygen generation (SOG). They suggested that the gold nanoparticles could be used to efficiently deliver photosensitizer in photodynamic therapy to improve the cytotoxic efficacy of photosensitizer. However, they just synthesized the photosensitizer-stabilized nanoparticles without PDT experiments. Four years later, the work of the same group is the first report of the use of gold particles for PDT application in vitro [24] . A phthalocyanine derivative was used as the photosensitizer that is present in monomeric form on the gold nanoparticle surface. When GNP covered with phthalocyanine derivative monomeric molecule incubated with HeLa cells, the nanoparticle conjugates are taken up thus delivering the photosensitizer directly into the cell interior. Irradiation of the nanoparticle conjugates laden HeLa cells resulted in a decrease in cell viability to 43% as compared to the free phthalocyanine and 50% increases of SOG observed for the phthalocyanine-nanoparticle conjugates as compared to the free photosensitizer. Wang et al. used biocompatible gold nanoparticles as a vehicle to deliver 5-aminolevulinic acid (5-ALA) for a new modality photodynamic therapy, and they demonstrated that tumor cells can be effectively and efficiently destructed by 5-ALA-conjugated nanoparticles, while fibroblasts were minimally damaged [116] . Our group also performed similar research and investigated the influence factor such as wavelength of the PDT efficiency [19] . We found that the different light could induce different results, [19] .
but the conjugate of Au-5-ALA could improve cancer cell killing for very light sources ( Figure 6 ).
Subsequently, Cheng et al. synthesized PEGylated gold nanoparticle-silicon phthalocyanine 4 (Pc 4) conjugates, which can be used to deliver hydrophobic drug to its site of PDT action for its water-soluble and biocompatible properties. The drug release experiment results in vitro and in vivo (intravenous injection into mouse's tail) indicate that the delivery of drug is highly efficient (Figure 7) , and passive accumulation prefers the tumor site. Compared to conventional PDT drug delivery in vivo, PEGylated GNPs accelerated the Pc 4 administration by about 2 orders of magnitude. The in vivo treatment showed no apparent side effects, except that Pc 4 were found all over the mouse body, including the lung and the kidneys.
After PDT, the tumors became necrotic within 1 week, and then the tumor size shrank, which was due to the effect of the treatment [45] .
Following intravenous injection of C11Pc (phthalocyanine derivative) conjugated AuNP in amelanotic melanoma (B78H1 cells) subcutaneously transplanted on mice, another in vivo PDT efficacy was studied by Camerin et al. [117] . The same as the results of Cheng, compared to free C11Pc, AuNP-C11Pc conjugates were found to target cancer tissues more selectively. Moreover, it can induce more extensive PDT response by promoting an antiangiogenic response by causing extensive damage to the blood capillaries and the endothelial cells. However, the AuNP-C11Pc conjugates were taken up by liver and spleen, with a prolonged persistence in the liver without any apparent decrease of the PS, for up to a week. In order to limit the accumulation of the nanoparticle In vitro experiments demonstrated selective targeting of the 4-component "antibody-C11Pc-PEGAuNPs" conjugate to breast-cancer cells that overexpress HER2 epidermal growth factor receptor and its efficacy in PDT applications, although no in vivo results were presented [118] . Subsequently they also used jacalin to target the cancer cells [119] . They found that there are similar targeted PDT efficacies of the two (jacalin and anti-HER2 antibody) biofunctionalized C11Pc-PEG gold nanoparticles [120] . In the same manner, Savarimuthu et al. used folic acid as mark to target cancer cells and just performed in vitro study, too [121] . Meyers et al. developed a novel approach of targeted PDT using epidermal growth factor peptide-targeted gold nanoparticles (EGF(pep)-GNPs) as delivery carrier [122] . It is demonstrated in in vitro studies that EGF(pep)-AuNP-Pc 4 can increase localization in early endosomes compared to free Pc 4, resulting in being twofold better at killing tumor cells. Similarly, in vivo studies prove Pc 4 accumulation threefold enhancement in subcutaneous tumors through EGF(pep)-GNP-Pc 4 compared to untargeted GNPs. Pc 4 fluorescence test in vivo showed that EGF(pep)-GNP-Pc 4 could decrease the initial uptake by reticuloendothelial system (RES) and increase the amount of GNPs circulation in the blood after intravenous injection, which impacts biodistribution of the GNPs. Cheng et al. compared covalent and noncovalent attachment of silicon phthalocyanine 4 (SiPc4) on PEGylated AuNP and found that, in contrast to efficient drug release into HeLa cancer cells and efficient PDT of noncovalent adsorption to PS, a covalent thiol bond to the gold nanoparticle leads to slow intracellular release and no PDT effect [123] . Subsequently, they investigated the drug delivery mechanism and pharmacokinetics following intravenous administration of noncovalently bound PEG-SiPc4-AuNP conjugates over a period of 7 days. In vivo experiments revealed that noncovalent attachment of PS to AuNP provided efficient release and penetration of the PEGSiPc4-AuNP conjugate fast and deep into the tumors. It is found that the renal clearance and the hepatobiliary system excrete the drug and GNPs quickly from the body, even if a relatively longer retention time exists for GNPs in body, especially in liver and spleen [46] (Figure 8) .
Gamaleia et al. synthesized a conjugate of hematoporphyrin with gold nanoparticles for PDT; they compared the PDT efficiency in vitro of hematoporphyrin-gold nanocomposites with different diameter. Because the bigger the particles are, the more the porphyrin molecules can be transported into malignant cells, their results indicate a better operation of the nanostructure with GNPs of 45 nm compared to that of 15 nm [115] . Wang et al. and our group had similar conclusion about the gold nanoparticle size [28, 124] . In the report of Wang's group, it said that the enhanced generation of ROS from PpIX by GNPs was size-dependent. GNPs with larger size have stronger ability to elevate the ROS generation of photosensitizer because of the stronger scattering EM field around the particles compared to those with smaller size. However, the cellular PDT efficacies were dependent on not only ROS generations but also the size-dependent cellular uptake of AuNPs [124] . Our group has simulated the local electric magnetic field enhancement around a single GNP coated by photosensitizer with a static sphere-shell model and found this enhancing effect of ROS generation by GNP depended not only on the size of GNP but also on the wavelength of the exciting light [28] . The studies have shown that both photothermal and photodynamic therapy are very useful for cancer treatment; the strategy of combining them into a single treatment modality was considered to have better cell killing efficacy. Kah et al. combined PTT and PDT using anti-EGFR conjugated gold nanoshells (absorption spectrum shows a rather broad extinction band of wavelength > 580 nm) and hypericin (peak absorbance at 595 nm) excited by a 100 × 50 cm light with a wide band illumination above 585 nm. Their in vitro experiment results showed that the combination of PDT and PTT strategy exhibited more effective treatment versus conventional PDT or emerging PTT treatment [125] . However, development of multifunctional AuNP offering synergistic therapeutic approaches, such as photothermal therapy and PDT, has been a topic of interest in the field of nanotechnology [38] .
Kuo et al. firstly used gold nanorods to simultaneously destroy and image A549 malignant cells; there GNRs served not only as PTT and PDT but also as optical contrast agents [126] . In their work, A549 cancer cells treated with the conjugants of GNRs and photosensitizer (indocyanine green ICG) were irradiated by 808 nm infrared laser to implement PDT and hyperthermia. The results showed that combination strategy killed cancer cells efficiently as compared to PDT or PTT alone. Subsequently, they demonstrated that both gold nanoparticles and gold nanorods conjugated with indocyanine green could accomplish dual-modality PDT and PTT [127] . Other groups also demonstrated the synergistic influence of hyperthermia on PDT with different light, different photosensitizer, different gold nanostructure, and different cell lines [128] [129] [130] [131] . Differently, Gao et al. synthesized a new nanostructure using lipid-loaded hypocrellin B (HB) to coated gold nanocages. The assembly of photosensitizer and photothermal agent was irradiated with 790 nm NIR laser by two-photon techniques, which induces one-off administration and irradiation for antitumor treatment [132] . Similarly, Wang et al. designed chlorin e6-(Ce6-) aptamer switch probe-(ASP-) gold nanorods (AuNRs) composites for multimodal cancer therapy. In their study, as the composites come into contact with target cancer cells, Ce6 molecules migrate away from the gold surface by structural change of ASP, thereby generating singlet oxygen under light irradiation for PDT. At the same time, GNRs can also kill cells through PTT modality for their high absorption efficiencies ( Figure 9 ) [47] . Wang et al. also have designed a Ce6-pHLIPss-GNR conjugate with (PH value) pH e -driven targeting ability for synergistic PDT/PTT [133] .
In vivo study should be performed before clinical trials were initiated. Jang et al. demonstrated a 95% reduction in tumor growth in vivo using a GNR AlPcS4 composite exposure to 810 and 670 nm lasers irradiation [25] . They found that tumor sites could be clearly identified as early as one hour after intravenous injection of the GNR-AlPcS4 composite in in vivo near-infrared fluorescence imaging studies. The tumor-to-background ratio changed with time and was 3.7 at 24 hours; there was a 79% decrease in tumor growth with PDT alone and 95% decrease with dual PPT and PDT ( Figure 10 ). Khlebtsov et al. developed nanocomposite containing a gold-silver nanocage core and a mesoporous silica shell modified with the photosensitizer (Yb-2,4-dimethoxyhematoporphyrin, Yb-Hp) for in vivo PDT studies. The synthesized composite nanoparticles generated singlet oxygen under excitation at 630 nm and induced hyperthermia upon light irradiation at the plasmon resonance wavelength (750-800 nm) [134] . Wang et al. used a GNR rose-bengal (Rb) complex to implement in vivo PDT and PTT of oral cancer with 532 nm and 810 nm irradiation [32] .
In further research, Lin et al. have developed a novel multifunctional theranostic platform for cancer treatment and imaging, in which a monolayer of assembled GNPs were as vesicles to be loaded with Ce6 photosensitizer. The gold vesicles have a strong absorption at wavelength 650-800 nm, so the neighboring GNPs in the vesicular membranes can plasmonically couple with each other. This enables excitation of both gold vesicles and Ce6 with 671 nm laser irradiation Journal of Nanomaterials Points, mean; bars, standard deviation; PBS t PDT ( = 7); free AlPcS4 t PDT ( = 7); GNR-AlPcS4 complex t PDT ( = 7); GNR-AlPcS4 complex t PTT ( = 5); GNR-AlPcS4 complex t PTT t PDT ( = 7); = number of tumors involved. Reprinted with permission from [25] . Copyright {2011} American Chemical Society [25] .
to generate hyperthermia and singlet oxygen for cancer cells killing. Both in vitro and in vivo therapeutic results demonstrated that the treatment efficiency of GV-Ce6 was improved versus that of either individual PTT or PDT alone, or the sum of PTT/PDT owing to the coordinated effect [135] dramatically with coordinated PDT + PTT therapy comparing with PDT alone [137] . Using similar method, Vankayala et al. demonstrated that gold nanoshells can actually mediate the bimodal PDT and PTT effects in vivo at ultralow doses (about 150 mW/cm 2 ) of NIR light [30] . From then on, much work has been done to improve the efficacy of photodynamic therapy in vitro and in vivo. Vijayaraghavan employed novel multibranched gold nanoechinus as agent to conduct dual modal PDT and PTT upon NIR light irradiation in the second biological window (1000-1350 nm) [138] . Recently, Yu et al. reported a HAuNS-pHLIP-Ce6 antitumor platform, where hollow gold nanospheres (HAuNS) were synthesized to shift localized surface plasmon resonance (LSPR) peak, and then the pH insertion peptide (pHLIP) and Chlorin e6 (Ce6) were adhered to HAuNS by absorption. The antitumor complex can reach tumor site for the PH-diriven ability of pHLIP. After irradiation, the HAuNS was heated to result in PTT, and at the same time Ce6 was released from gold sphere and generated reactive oxygen species (ROS). Herein, HAuNS performed PTT and PDT synchronously [139] .
In spite of the photothermal effect, with SPR resonant excitation, an enhanced electromagnetic (EM) field can be generated at the surface of GNPs [140] . There were some reports that demonstrated that the SOG species (1O 2 ) and particularly ROS by the excited photosensitizer (PS) can be elevated by the GNP enhanced EM and increase the treatment efficiency of photodynamic therapy [124, 141] . Oo et al. first found this phenomenon when they used GNP as vehicle to transport a photosensitizer PpIX [116] . Our group also reported the same experimental results using GNPs to deliver 5-aminolevulinic acid (5-ALA) [19] . And, in a subsequent report of Wang's group, it said that the enhanced generation of ROS from PpIX by GNPs was size-dependent [124] . GNPs with larger size have stronger ability to enhance the ROS generation of photosensitizer because of the stronger scattering EM field around the particles compared to those with smaller size. Our group had similar result by simulating the local enhanced electric magnetic field around a single GNP coated by photosensitizer ( Figure 11 ) [28] . Therefore, using GNPs as the carrier can both improve the cell uptake and the ROS generation of photosensitizers and enhance the treatment efficacy of PDT.
Beside the ability to elevate the ROS generation of photosensitizer, previously in 2011, it was also observed that GNP itself can also generate signlet oxygen under irradiation at LSPR absorption bands of GVPs [142] . Pasparakis demonstrated the SOG with naked GNPs in aqueous media upon CW and pulsed laser irradiation and proposed two possible mechanisms. One is a plasmon-activated pathway, in which the plasmons and hot electrons interact with molecular oxygen; the other one is indirect photothermal pathway-when the GNPs were powerfully irradiated with pulsed laser, inducing extreme heat to fragment particles and increase thermionic electron emission [143] . Then Hwang's group systematically analyzed the photosensitization and SOG by gold and silver nanoparticles and found it was highly morphology dependent [144] . They declared that singlet O 2 can be photosensitized and generated upon irradiation on gold nanostructures with an Au (110) surface, instead of the Au (111) and Au (100) surfaces. The special designed GNP can act as a photosensitizer in PDT.
In contrast to the conventional organic dyes, GNP photosensitizer possesses 4-6 orders higher extinction coefficient and is much more resistant to both enzymatic and photochemical degradation [145] . It means that a much smaller amount of GNP photosensitizers is required to be taken up by cancer cells in order to get to the threshold concentration for effective PDT treatment. Moreover, Xu's group demonstrated that gold nanorods exhibited high SOG efficacy under two-photon excitation [146] , which means GNP can also be applied as the photosensitizer in twophoton photodynamic therapy (TP-PDT). Therefore, with the addition of the photothermal effect, GNP is not just a drug delivery vector, but also it can be an excellent and promising dual functional photomedicine itself.
Gold Nanoparticle-Aided Radiotherapy.
Radiotherapy is the use of X-rays and similar rays (such as rays, electron beams, and protons) and so forth with high-energy to treat disease. It works by destroying cancer cells in the area that is treated, thus slowing down or even prohibiting the growth of a tumor. Similar to PTT and PDT, X-ray radiotherapy is a method for specific treatment that only affects the irradiated area. However, the X-ray used for radiotherapy offers much deeper penetration than the NIR light used to trigger PTT and PDT.
The main challenge of X-ray radiotherapy is the lack of selectivity, which means that radiation therapy usually destroys not only cancer tissue but also normal tissue for its unlocal control of the primary tumor. In contrast to normal radiation therapy, radiosensitizer-aided radiation therapy can enhance tumor harm efficiency because radiosensitizing adjuvants can improve the dose specifically absorbed by tumor tissue [147] . For this goal, various types of radiosensitizers have been developed [148] . Particularly, gold nanomaterials have been demonstrated as radiosensitizers for X-ray radiotherapy for their high density, large energy absorption coefficient, and low toxicity [149, 150] . Hainfeld et al. first demonstrated the enhancement of X-ray radiotherapy with 1.9 nm gold clusters [48] . A high dose of gold clusters (2.7 g of Au/kg of mice body weight) was intravenously injected into tumor-bearing mice before therapeutic treatment. The experimental results indicate that the mice treated with gold nanoparticles and X-ray irradiation lead to a one-year survival of 86% in contrast to 20% with only X-rays or gold nanoparticles alone (Figure 12 ). After treatment, the small gold nanoparticles could be readily cleared through the kidney, minimizing the potential side effects due to gold accumulation inside the body. Furthermore, GNPs can improve the contrast of the X-ray unit mammography through imaging the gold distribution in the tumor (Figure 13) , which could be used to diagnose tumor earlier. Subsequently, similar results were reported by Chien et al., who used 20 nm gold nanoparticles as radiosensitizers for X-ray radiotherapy [151] . In Chang et al. 's in vivo research, GNPs accumulation was observed inside cancer cells, which induced efficiency enhancement of ionizing radiation, cancer cell apoptosis, tumor growth inhibition, and a high chance survival of tumor-bearing mice [152] . Similar efficiency enhancement of cancer cell killing has been demonstrated in neck and head squamous cell carcinoma [153] and prostate cancer [154] .
For gold nanoparticles-based radiosensitizers, modifying the surfaces with a cell targeting ligand can greatly improve the cellular uptake and thereby the treatment efficiency. Xing et al. functionalized the surface of 10.8 nm GNPs with thioglucose (Glu) to increase their uptake by a breast-cancer cell line (MCF-7). A benign breast-cancer cell line (MCF-10A) was used as a control in their study. It is demonstrated that functional Glu-GNPs uptake by tumor cells is far more than naked GNPs through transmission electron microscopy (TEM) imaging. And the radiotherapy results showed that the killing of MCF-7 cells in the presence of Glu-conjugated GNPs was enhanced relative to the MCF-10A cells. This observation indicates that the Glu-gold nanoparticles only entered the malignant cancer cells and enhanced their radiation sensitivity, rather than the benign cells, which can be potentially used to achieve targeted cancer treatment [155] . Similar targeted radio enhancement has been shown by Geng et al. in ovarian cancer and cervical cancer [141, 156] . Although glioma cells and brain tumors are kept from the circulation by the blood-brain barrier, they can be targeted and effectively radiosensitized by PEGylated gold nanoparticles, inducing DNA damage enhancement, cancer cell eradication, and survival improvement [147] . Now, radiotherapy with modified gold nanoparticles by targeting molecules such as glucose, folate, cisplatin, peptides, anti-EGFR, and thioglucose and combination with imaging and other therapy are the tendency [141, [157] [158] [159] [160] [161] [162] [163] Moreover, Polf et al. found that killing of GNPs laden prostate cancer cells was enhanced by about 15%-20% by proton beam radiotherapy compared to that of cancer cells alone [164] . Khoshgard et al. treated HeLa tumor cells with various common low energy levels of orthovoltage X-rays and megavoltage gamma-rays (Co-60) to study the cell killing efficacy in the presence of folate modified GNPs and nonfunctionalized GNPs. With the same dose enhancement factor, there existed enormous distinction among different experimental groups with and without folate modification from their study. For both of the GNPs, researchers got the maximum dose enhancement factor with the 180 kVp X-ray beam. Many cancer cells are often folate receptor positive, so folate modified GNPs are very useful for cancer cell killing enhancement of orthovoltage X-ray energies in superficial radiotherapy techniques [157] .
As discussed above, many groups have investigated the gold nanoparticle radiosensitization (GNP-RS), and much work was focused on the experimental phenomena instead of sensitization mechanisms, so the mechanism still remains unclear. It was normally considered that photoelectric photon absorption by high-Z materials at kilovoltage photon energies can be enhanced through GNP-RS. However, in clinical use megavoltage energies are employed, which induced no prediction of the therapeutic effect by this physical mechanism [60] . In order to introduce this new technology into clinic and optimize the effect, it would be important to know the effect of GNP concentration and size and distance from target and surface coating on GNP-aided radiosensitization. Normally, Monte Carlo calculation was used to predict the arguments. In Geng et al. 's research, they found that GNPs-mediated radiotherapy can elevate therapeutic efficiency of ovarian cancer, in which levels of ROS production enhancement were observed by the interaction of X-ray radiation with GNPs [156] . Some group described the physics and potential underlying biological mechanisms that occur in GNP-mediated radiotherapy in detail [165, 166] .
Targeted Delivery Systems Based on Gold Nanoparticles.
Although gold nanoparticles themselves could be used as a kind of therapeutic agents to destroy tumor cells, they can also be employed to trigger drug release in controlled drug release system. In this system, gold nanoparticles were incorporated in different materials to fabricate nanostructures for targeted drug delivery, for example, thermal-sensitive microcapsules, hydrogels, and films [167] [168] [169] [170] [171] . When the nanostructures arrive at the target area, upon the irradiation of a light within their LSPR region gold nanoparticles generate heat and lead to the destruction of the nanostructure, and finally drugs will be released from the nanostructure [172] [173] [174] . There are four major scenarios for the fabrication of targeted drug delivery nanostructures using photothermal effect of gold nanoparticles [49] : first one: the drug is inserted in a polymeric matrix surrounded by gold nanoparticles. When exposed to light irradiation within their LSPR spectrum, gold nanoparticles would generate heat. The generated heat destroys the structure of the polymer to trigger the drug release. Second one: drug and gold nanoparticles are decorated in liposomes; the converted heat destroys the liposomes, allowing for the drug release. Third one: the drug is covalently bonded to a spacer molecule which is bound to the gold nanoparticles, and heat breaks the bond, inducing the drug liberation. The last one: the drug is not covalently bound to the gold nanoparticles usually through inserting the drug in a silica matrix. The heat triggers the drug release (as shown in Figure 14 ). Kwon and coworkers [173] constructed gold cluster modified thermosensitive liposomes (G-TSL) that could be triggered for DOX delivery and liberation in the tumor microenvironment upon external near-infrared (NIR) irradiation. It is found the DOX release from DOX/G-TSL was improved 70% upon NIR irradiation in contrast with TSL alone. Sierpe and coworkers reported a ternary system, in which 1 : 1 -cyclodextrin-phenylethylamine ( CD-PhEA) encapsulated composites were synthesized, and then the composite was bounded by GNPs [174] .
The photothermal effect of gold nanoparticles enables the guest PhEA release effectively under continuous laser exposure. The photothermal effect of gold nanoparticles makes it a good choice for targeted drug delivery.
The targeted delivery systems based on gold nanostructured platforms to facilitate the tumor detection and therapy is an important research field. Tumors of poor lymphatic drainage and abnormal vessel development can promote nanoparticles accumulation inside them through the enhanced permeability and retention effect (EPR effect), which is the traditional tumor targeting strategy and known as passive targeting [175] . Therefore, many researchers have studied on the synthesis of polymeric gold nanoparticulate formulations to deliver different cytotoxic agents, photosensitizer, and so on. For example, Coelho and coworkers developed a drug delivery platform based on colloidal PEGylated gold nanoparticles (PEG-AuNPs) conjugated with the tyrosine kinase inhibitor Afatinib which can passively target tumor [176] . The results demonstrate that the nanoparticulate formulation has an excellent anticancer therapy response while having lower side effects compared to conventional Afatinib. The paclitaxel-loaded hybrid drug delivery system containing GNP and liposome were synthesized with a simple and easy preparation by Zhang and collaborators, exhibiting more accurate site and time release mode for cancer therapy using antitumor chemical therapeutic agents [177] . The significant antitumor effects were demonstrated in this work. Xu et al. developed 5-aminolevulinic acid-(5-ALA-) GNPs to enhance the efficiency of PDT. The results show greater cytotoxicity induced by PDT [19] .
However, it has been widely accepted that the side effects of cytotoxic agents particularly cannot be controlled by passive targeting strategy [178] . Therefore, active targeting delivery strategy is put forward that gold nanocarrier conjugated with high-affinity specific ligands, which can selectively accumulate at the target site. Common specific ligands include folic acid, carbohydrates, peptides, proteins, antibodies, antibody fragments, and aptamers ( Figure 15 ) [50] .
Folic acid receptor has been found overexpressed in many types of tumor, such as breast carcinoma, ovary carcinoma, lung cancer, nasopharynx cancer, throat cancer, colon cancer, cerebral cancer, uterine sarcoma and osteosarcoma, the chronic and acute myelogenous leukemias, and the non-Hodgkin's lymphomas [179] [180] [181] . Therefore, folate is widely used as a targeting ligand which specifically binds to folate receptors on the tumor cell surface and internalized by the cancer cells. Gold nanoparticles loaded by different cytotoxic agents or photosensitizer conjugated with folate have been developed by many researchers, enhancing cancer cell accumulation of drug, improving the cytotoxicity of the anticancer agents overcoming anticancer drug resistance [182] [183] [184] . The glucocorticoid responsive genes, a specific category of "endogenous" genes, upregulate Figure 15 : The toolbox for assembling passive and targeted drug delivery systems [50] .
in only cancer cells [185] . Therefore, Sau and collaborators designed and synthesized glucocorticoid receptor-targeted gold nanoparticles that can be used in targeting and modulating genetic information in tumor, which contributes to development of novel anticancer therapy strategy [186] . Peptides can be used as a specific ligand because of their satisfactory pharmacokinetics, tissue distribution patterns, increased permeability, low toxicity, low immunogenicity, and considerable flexibility in chemical modification [187] . Yuan and coworkers developed functionalized gold nanostars based on TAT peptide to improve intracellular delivery and photothermolysis efficiency of gold nanoparticles [188] . Proteins, antibodies, and antibody fragments are effective ligands and can selectively target antigens or receptors overexpressed on cancer cells [189] . Transferrin, a membrane glycoprotein, plays an important role in supporting the transport of iron to rapidly proliferating cells. Transferrin receptors (TfRs) overexpressed in tumors because of the high demands of iron in tumorous tissues can be used for the targeting delivery system [190] . It has been reported that transferrin conjugated with nanoparticles can selectively bind to cancer cells, resulting in its endocytosis and anticancer drug release, and then increased antitumor ability reduced the side effect of cytotoxic agents [191] . Amreddy et al. chose transferrin as specific targeting ligand to develop gold nanorod-doxorubicin-transferrin-nanoparticles, targeting drug delivery system. Gold nanorod-doxorubicintransferrin-nanoparticles exhibited higher selective targeting ability and higher cancer cell accumulation of drug [192] . Kotagiri and colleagues developed transferrin-coated TiO 2 nanoparticles to accomplish depth-independent Cerenkovradiation-mediated therapy [190] . The results show that the transferrin-coated TiO 2 nanoparticles can be selectively taken up by tumor cells and then destruct cancerous cells by activating the immune system, achieving the significant antigrowth activities and inducing apoptosis ability. Aptamers because of fine properties (short, synthetic, single-stranded oligonucleotides, and high affinity and specificity) have become a new kind of targeting ligands [193] . Aptamer-conjugated gold nanomaterials can be used as a novel, efficient, and less harmful strategy for specific tumor recognition and targeted tumor therapy [194] . Gold nanomaterials bounded to aptamer and then loaded by different cytotoxic agents or photosensitizers have been synthesized for the tumor diagnosis and treatment and exhibited to improve the accumulation of agents and increase specificity and efficacy as well as reduce toxicity [195, 196] . Choi and coworkers designed a smart PDT therapy agent using polyethylene glycol-coated (PEGylated) GNRs functionalized with antiepidermal growth factor receptor aptamer Figure 16 : Physical characteristics of nanoparticles determine in vivo biocompatibility. The three-dimensional phase diagram displays the qualitative biocompatibility trends revealed after in vivo screening of around 130 nanoparticles intended for therapeutic use. The main independent particle variables that determine the in vivo biocompatibility (colour spectrum) are size, zeta potential (surface charge), and dispersibility (particularly the effect of hydrophobicity). Biocompatibility is reflected in the colour spectrum, with red representing likely toxicity, blue likely safety, and blue-green-yellow intermediate levels of safety (in the same order). Cationic particles or particles with high surface reactivity are more likely to be toxic (red hue) than the larger relatively hydrophobic or poorly dispersed particles, which are rapidly and safely (blue hue) removed by the reticuloendothelial system (RES). Particles that promote enhanced permeation and retention (EPR) effects-and are therefore optimal for chemotherapeutic drug delivery to cancers-generally have midrange sizes and relatively neutral (AptEGFR). The experimental results showed that the agent can excellently target cancer cells towards developing an effective tumor therapy by photothermal ablation [197] . In general, although the targeted delivery systems based on high-affinity specific ligands are emerging as a promising platform for the tumor diagnosis and treatment, much work remains to be done to facilitate the translation of these materials and strategies into clinical practice.
Toxicity of Gold Nanoparticles
Although gold nanomaterials have numerous advancements in new drugs development, there still are a lot of problems before moving these applications into the clinics. Toxicity is the most important issue to hamper the efficacy/efficiency or cause adverse effects.
Some toxicity may rise due to the native characters of the gold nanoparticles. In a case, GNPs with a diameter of 1.4 nm have potentially high toxicity due to the possibility of irreversible binding to key biopolymers [198] . It indicates gold nanoparticles with the size of 1 to 2 nm need to be specially considered before clinic [199] . Currently, the International Alliance for NanoEHS Harmonization (IANH) have organized interlaboratory cooperations to compare different methods investigating the potential biological effects of nanostructures including nanoparticle size and surface charge [200] . Another case is the PEGylation gold nanoparticles. Although the prolonged circulation of nanostructures can be achieved through PEGylation, PEGylation with large PEG molecules will increase the hydrodynamic diameter of nanostructures [201] and drastically alter their biodistribution and pharmacokinetics [40] . It revealed the modification of gold nanoparticles may also impact the toxicity. Figure 16 has shown a universal toxicity scale of different nanomaterials (from highly toxic to biocompatible). The researchers should seriously consider these characters in the particles design [51] .
The concentration also is an important issue which needs to be considered in the gold nanoparticles application. In a 14 nm citrate-coated GNPs research, various concentrations of gold nanoparticles were added to a fibroblast cell culture [202] . The results have shown the high concentration may harm actin filaments and affect cells' motility, proliferation, and adhesive abilities.
All these above toxicities can be overcome by avoiding the drawbacks carefully and specific handling in different situations. However, the gold nanoparticle is hardly digested by enzymes within the body which is one of the major barriers to limit the clinical use of the most Au-based agents. Therefore, how to eliminate them from the body has become a very important issue. As one of the two most important natural systems to eliminate wastes in human body, renal clearance plays very essential roles. Currently, biodegradable gold Irradiation with laser light, specific functionalized GNPs [197] Drug delivery and controlled release in vivo [168, 197] and in vitro SPR and EPR effect [168, 172, 174, 197] Specific functionalized GNPs Targeted drug delivery in vitro and in vivo [186] Large surface [182, 184, 186, 195] 22
Journal of Nanomaterials "core-satellite" superstructures connected by DNA linkers have been designed to achieve reasonable renal clearance with good tumor targeting abilities [203] . With the development of gold nanoparticles, more new gold nanostructures will be developed to become easily digested and completely cleared after the treatment.
Conclusion
Photodynamic therapy is definitely a promising therapeutic option in cancer treatment. However, it has still not gained acceptance as a first-line treatment option mainly due to the disadvantages of classical PSs. The application of nanoparticles, especially gold nanoparticles, in the field of PDT is an extremely promising method for future technological breakthroughs, while gold nanoparticles hold tremendous potential for tumor therapy. For PPT, PDT, and drug delivery function in cancer treatment, there still exist a few limitations for clinical application to be addressed. Firstly the amount of nanoparticles accumulation in tumors should be effectively quantified. In order to completely eradicate tumor, the quantification methods have to be combined with standard illumination geometries of tumors in specific organs [88] . Currently, most of the in vivo investigations have been implemented on subcutaneous cancer diseases by NIR light through the skin surface for a few inches of penetration depth of the light. For deep cancer tissue therapeutic modality, fiber optic probes should be exploited to deliver NIR light, and specific imaging modalities should be combined to monitor treatment [87] . Compared with other gold nanoparticlesbased phototherapy, gold nanoparticles aided radiation therapy can treat tumors deep within the body; however, there are controversial results about the impact of photon energy and GNP size in recently published articles [204] . In summary, the area of GNP-based treatment of cancer has attracted extensive research in recent years due to its high selectivity and minimized side effects. Gold nanoparticles have exhibited great promise as light-heat converter, local field enhancement, drug carriers, and radiation sensitizer for cancer treatment to effectively damage cancerous lesions both in vitro and in vivo (see Table 2 ). Moreover, considerable advances have been made in developing GNP-mediated multifunctional nanoparticles systems which provides great possibility of introducing combination therapy strategy for enhancing cancer therapeutic efficiency in near future. However, significant barriers must be overcome before these applications can be moved into the clinics, such as nonbiodegradability of GNPs and low penetration depth of light. Therefore, further research is required for enhancement of in vivo behavior of the nanostructure, and the long term impacts of GNPs remaining in organs like liver and spleen should be better understood. All in all, with the development of science and technology, GNPs-mediated therapies should be very likely to be used for cancer clinical treatment with minimally invasive character.
